pinal dural arteriovenous fistula (SDAVF) is the most common vascular malformation of the spine. It is characterized by fistulous communication of radiculomeningeal artery and radicular vein on the dural sleeve of the dorsal root ganglion. Although SDAVF accounts for 60%-80% of all vascular malformations of the spine, the disease is rare and usually remains undiagnosed for a significant period due to nonspecific clinical symptoms. 10, 12 It is often neuroradiological imaging that raises the suspicion of dural fistula; however, confirmation of the diagnosis requires invasive spinal angiographic study. MRI findings such as cord signal abnormalities and flow voids are highly suggestive of SDAVF and warrant further evaluation with spinal angiography.
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pinal dural arteriovenous fistula (SDAVF) is the most common vascular malformation of the spine. It is characterized by fistulous communication of radiculomeningeal artery and radicular vein on the dural sleeve of the dorsal root ganglion. Although SDAVF accounts for 60%-80% of all vascular malformations of the spine, the disease is rare and usually remains undiagnosed for a significant period due to nonspecific clinical symptoms. 10, 12 It is often neuroradiological imaging that raises the suspicion of dural fistula; however, confirmation of the diagnosis requires invasive spinal angiographic study. MRI findings such as cord signal abnormalities and flow voids are highly suggestive of SDAVF and warrant further evaluation with spinal angiography. 22 Spinal angiography remains the gold standard for the evaluation and characterization of SDAVF. It additionally offers the possibility of endovascular obliteration of the fistula, which is increasingly being considered as the initial therapeutic option, with surgery reserved for situations such as failed embolization or unfavorable anatomy.
11 Spinal angiography involves selective angiographic evaluation of the segmental arteries from the cervical level to the sacrum. The procedure is relatively straightforward with few complications. However, it may become time-consuming, especially if the aorta is atherosclerotic and exposes the patient to higher radiation exposure and contrast overload. 8 Noninvasive imaging methods, such as contrast-enhanced MR angiography (MRA) and CT angiography (CTA), have been shown to have higher sensitivity and specificity in the detection and prediction of the location of the fistula. 1, 2, 14, 17, 19, 23 Higher magnet strengths, faster imaging techniques due to higher gradient performances, larger field of view (FOV), and robust data-sampling methods have improved the diagnostic performance of MRI. However, such technical specifications may not be available for all MR machines. 15, 17 Additionally, the patient is exposed to the risk of nephrogenic systemic fibrosis, especially when the renal parameters may be deranged in situations such as long-standing bladder symptoms and hydronephrosis.
Recently, a high-resolution T2-weighted volumetric sequence (3D sampling perfection with applicationoptimized contrasts using different flip-angle evolutions [SPACE]) was introduced. A 3D SPACE sequence acquires isotropic volumetric data that can be reconstructed in any plane with good T2 contrast and acceptable examination times. 3 The sequence provides excellent tissue contrast between the cord parenchyma and CSF. Also, CSF flow artifacts that occasionally mimic flow voids in other routine sequences are suppressed in this sequence and thus improve the diagnostic confidence, especially when the changes are subtle. These advantages, combined with submillimeter voxel resolution, may distinctively demonstrate the abnormal spinal vascular channels. In the present study, we sought to evaluate the potential usefulness of 3D SPACE in identifying the location of fistula in patients with SDAVF that was confirmed with gold-standard spinal digital subtraction angiography (DSA).
methods
A retrospective review of institutional records was performed. All patients who were diagnosed with SDAVF by gold-standard spinal angiographic study during the period from January 2007 to January 2013 were selected. Spinal vascular malformations, such as spinal cord arteriovenous malformations, perimedullary fistulas, and cavernomas were excluded from the analysis. Patients were evaluated to confirm the availability of conventional MRI and volumetric 3D SPACE T2-weighted sequences performed at our institution and were subsequently recruited for the study.
Subjects were excluded if the spinal DSA and MR images were of suboptimal interpretable quality or were incomplete. The DSA images were considered optimal if the angiographic studies of vertebral, subclavian, superior intercostal, intercostal, lumbar, and sacral arteries were obtained and were of diagnosable quality. The MR images were considered optimal if they were free of artifacts and the region of interest was adequately covered in all of the sequences. Specifically, in 3D SPACE sequences, images were scrutinized for inclusion of lateral edges of vertebrae and adjacent paravertebral spaces to ensure adequate evaluation of the neural foramen and neurovascular structures.
Patients were also excluded if the interval between MRI and DSA exceeded more than 2 weeks. The MR images were scrutinized for interpretability and were read by 2 interventional neuroradiologists with more than 5 and 2 years of experience, respectively, who were blinded to the angiographic diagnosis. The study received institutional ethics committee approval.
All patients underwent MRI with a 1.5-T superconducting MR system (Avanto SQ-engine, Siemens). The MRI protocol included the 3D volumetric T2-weighted SPACE sequence, in addition to the routine sequences such as T1-and T2-weighted sagittal, T1-and T2-weighted axial, and gradient T2-weighted sagittal sequences. The imaging parameters of the SPACE sequence were uniform during the study period and were as follows: TR/TE, 1500 msec/143 msec; number of excitations, 2; FOV, 280; flip angle, 150°; slab thickness, 0.9 mm; matrix, 370 × 320; reconstructed voxel size, 1 × 1 × 1 mm; and total time of acquisition, 10.26 minutes. This sequence was performed in 2 stages covering cervicothoracic and thoracolumbosacral regions, from which whole-spine images were created using proprietary fusion software provided by the MR vendor. The MR study protocol remained the same throughout the study period. These images were analyzed in a PACS (picture archiving and communication system) (AGFA Healthcare NV) in multiple planes as well as in VOXAR 3D software installed in the PACS. Spinal angiography was performed via a femoral route following a standard technique described elsewhere. 6 The 3D SPACE volumetric images were initially reviewed for the presence of cord signal changes and flow voids. The images were scrolled to either side and the level of maximal venous congestion was identified. This was determined by noting the level of maximum cluster of veins in the spinal subarachnoid space. From this level, the images were scrolled to identify the presence of a single vein that may have arisen from the congested venous plexus, and it was followed rostrally or caudally until it coursed close to the pedicle of a particular vertebral body. At this level, axial reconstruction was reviewed and the course of this vein close to the pedicle was confirmed. The pedicle that it was closely related to, beyond which it was not traceable or beyond which it indeed exited through the neural foramina and communicated with the dorsal branch of the intercostal artery, was considered the feeder to the SDAVF. In situations where the vein could not be followed due to excess tortuosity, it was traced in multiple planar reconstructions and the level was identified.
The single vein was thought to correspond to the radicular vein, which refluxed into the congested perimedullary veins identified as the plexus of veins in MRI. The pedicle to which it was traced was hypothesized to be the location of the dural fistula, and the radicular artery supplying the foramen was considered the feeder of the fistula. The interpreters analyzing the MR images were blinded to the angiographic findings, which were correlated with the gold-standard spinal angiographic study. The accuracy of localization and interobserver agreements were calculated by Kendall's tau and the side of fistula was assessed by kappa statistics.
riod from January 2007 to January 2013. The demographic characteristics of these patients are presented in Table  1 . The level and side of fistula were accurately predicted by Observers 1 and 2 in 81% and 88% of cases, respectively. The accuracy improved to 94% for both observers when localization was made to 1 vertebral level above or below the site of fistula. Among the falsely predicted levels, the side of fistula was correctly identified in one-third and one-half of situations by Observer 1 and Observer 2, respectively. In 1 patient, the level was predicted falsely to be in the mid-thoracic region, whereas DSA confirmed that the meningeal branch of the vertebral artery was the feeder of the fistula.
The interobserver MR reading and observer agreement with gold-standard DSA was found to be highly significant (p < 0.0001). Also, the correlation between the side of fistula detected by MRI and DSA was found to be significant (p < 0.0001). The observations are presented in Tables 2-4 .
illustrative case

Case 8
A 68-year-old man presented with insidious-onset weakness of both lower limbs for 2 months. He also complained of bladder incontinence necessitating continuous bladder drainage, as well as constipation. On clinical examination, he had bilateral paraparesis (the left side was more affected than the right side), absent knee and ankle jerks, and reduced dorsal and lateral column sensations below the knee joint. His general and systemic examinations were unremarkable. The MRI examination demonstrated cord hyperintensity over the lower dorsal cord and conus, with prominent intradural perimedullary flow voids. The analysis of 3D SPACE MRI suggested a possible fistula site at right T-12, which was confirmed by limited spinal angiogram ( Figs. 1 and 2 ). The SDAVF was completely embolized using 33% Histoacryl glue, achieving complete obliteration of fistula. He showed significant improvement in neurological status in the next 48 hours and had nearcomplete recovery of the lower limb motor power as well as bowel and bladder functions at 6-month follow-up.
discussion
Spinal dural fistula is characterized by abnormal communication between the radiculomeningeal artery and the radicular vein located at the dorsal surface of the dural root sleeve in the intervertebral foramen. The fistulous communication causes arterialization of veins and elevation of venous pressure, which impedes the normal venous drainage of the spinal cord and results in cord venous hypertension. The symptoms may be nonspecific initially and may often mimic other common neurological disorders such as neuropathy, radiculopathy, or spinal canal stenosis. The disease relentlessly progresses to irreversible neurological sequelae if unrecognized early in the course of illness. The disease is curable, and neurological changes can be reversed completely following the successful treatment of fistula. This highlights the importance of precise diagnosis by noninvasive modalities such as MRI, so that even patients with low probability of fistula can be evaluated reliably while avoiding unnecessary invasive catheter angiography. 8, 10, 12 The MRI technique has been shown to be highly sensitive and specific in the diagnosis of SDAVF. 22 The MRI findings of SDAVF include the presence of flow voids, cord hyperintensity, cord expansion, or cord enhancement. The presence of cord hyperintensity or flow voids had 100% sensitivity and 97% specificity for the diagnosis of fistula. The absence of these 2 findings is reported to have 100% negative predictive value. 22 A more specific finding is the presence of flow voids; however, this may not be evident in 20% of patients. Catheter angiography remains the gold-standard test to confirm the diagnosis and to locate the level of SDAVF. 13 Angiography can be time-consuming and at times frustrating when the angiographer is unable to cannulate the segmental arteries, especially when the aorta is atherosclerotic and tortuous. A prolonged procedure adds discomfort for the patient, and exposes patients to higher radiation, contrast overload, and the risk of nephrotoxicity.
Over the last decade, several MRI, MRA and CTA techniques have been investigated to localize the feeding arteries of SDAVF. Initial MR techniques, such as 2D or 3D phase-contrast MRA and 3D time-of-flight MRA, were able to detect and localize the fistula in more than two-thirds of patients. However, these techniques had several limitations, such as incomplete visualizations of the draining vein or feeder, need for accurate timing to avoid venous contamination and tissue contrast uptake, and deduction of the site of fistula by indirect methods, which localized the level to 2 or 3 vertebral levels. 4 A larger study using a similar contrast-enhanced MR technique reported an accuracy of fistula site detection of 50%, which improved to 73% for localization within 1 vertebral level. 20 The fast 3D contrast-enhanced MRA technique used ultra-short echo time to reduce the acquisition time to less than 1 minute, which permitted the capture of contrast in the different phases of circulation. With this technique, accurate localization of fistula was achieved in all patients with spinal arteriovenous malformations and in 2 of 3 patients with SDAVF.
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Later studies reported the usefulness of centric-ordered contrast-enhanced MRA in the detection and localization of spinal vascular malformations. 7, 15, 17 The technique involved rapid bolus injection of contrast agent followed by automatic detection of contrast arrival, which triggered acquisition of fast 3D gradient-echo MR angiographic sequences with centric-ordered phase encoding. The above technique was improved with a larger FOV and a higher gadolinium dose to improve the visualization of normal and abnormal arteries, capture different phases of vascular contrast enhancement, study a larger area of interest, and thus enable the radiologist to complete the MR examination in a single session. 17 Luetmer et al. identified the site of fistula in only 60% of patients (13 of 22), although SDAVF was accurately diagnosed in 90% of their patients (20 of 22), primarily due to inadequate coverage of MR angiography. 15 Using a similar technique with a larger FOV of 50 cm, Mull et al. were able to localize the feeder accurately in 73% of patients (14 of 19) and within 1 vertebral level in all of the patients. 17 Farb et al. demonstrated the site of fistula in 45% of patients (4 of 9), which improved to 88% (8 of 9 patients) with additional second or third MRA covering additional regions of the spine. 7 Applying a similar protocol in a larger cohort, Lindenholz et al. reported accurate identification of the site of dural fistula in 81% of cases; however, the site could not be determined in 8% of the fistulas. 14 The time-resolved MRA technique is increasingly being used to noninvasively study the vascular structures and has also shown improved performance in the detection and localization of SDAVF. 1, 2, 19 This technique involves preferential rapid sampling of the central k-space region, which is updated continuously to provide a series of timeresolved images of different phases of angiograms. Using this technique, Amarouche et al. examined 33 patients with SDAVF and accurately determined the level of fistula in 70.2% of patients, which improved to 82% when the fistula was considered within 1 vertebral level. 2 In a similar study, the level of fistula was localized to 1 vertebral level in 85% of patients with SDAVF, although accurate identification was only possible in less than 50% of the cases. 19 Compared with contrast-enhanced MR techniques, there are fewer reports on noncontrast techniques for the as- sessment and localization of the fistula. Volumetric MR sequences, such as 3D CISS (constructive interference in steady state) and phase-cycled FIESTA (fast imaging employing steady-state acquisition), are reported to be useful in the diagnosis and localization of the SDAVF. 16 The authors could accurately localize the level of fistula in 3 patients studied. These sequences have high spatial resolution and excellent signal-to-noise ratio, which allowed visualization of smaller vascular and neural structures.
There are only a few studies reported in the literature demonstrating the usefulness of multislice CT angiographic studies in the evaluation and localization of SDAVF. 10, 21, 23 The CT study identifies the location of the fistula as focal enhancement of the nerve root, and dural fistula is identified as the presence of dilated perimedullary veins in the spinal canal. These reports showed that the level could be accurately depicted in more than 75% of the patients with SDAVF. The ability to depict the site of fistula depended on the detector size of the CT scanner, amount of contrast injected, scan parameters, and coverage area studied. 23 Large-detector CT covers a large FOV and shortens the scan time. However, it may capture the contrast in the arterial phase without adequate opacification of draining veins, and thus may require a second run to adequately visualize the intradural veins. Single or multiple CT runs also raise the concern of increased radiation exposure. Additionally, the ability of CT to locate the side or multifocality of SDAVF remains unknown. 23 A recent study comparing the performance of 64-slice CT and 3-T dynamic contrast-enhanced MR angiography showed good interobserver agreement and intermodality agreement for MRI, whereas it was only moderate for CTA. The fistula localization was accurate in 83% of cases after consensus reading, whereas it was only 58% accurate with CT angiography. Interobserver agreement was noted to be good in both situations.
18
The technique described in the present study has several advantages. 3 The 3D SPACE sequence has high spa- tial resolution and superb CSF-tissue contrast. This allows visualization of structures within the spinal CSF space with excellent clarity. The volumetric data acquired are isotropic and allow reconstruction in any plane, achieving high resolution. Additionally, minimal-intensity projection (MIP) images could be obtained, from which angiographic dark-blood images could be reconstructed with thin MIPs. 16 The scan time is acceptable, and the entire spine study could be completed at 2 stations in 10 minutes. Postprocessing and fusion of the 2 stations to produce a single image could be performed in less than 1 minute. This allowed immediate screening of the study and enabled the operator to decide on further sequences or contrast study for additional evaluation. The T2 contrast of the tissue is better with 3D SPACE than with CISS (constructive interference in steady state) sequences; hence, we have routinely incorporated the 3D SPACE sequence for evaluating spinal pathologies since 2007. Additionally, the entire spine, from foramen magnum to coccyx, can be combined in 2 stages. Thus, the situation of omission of any segment of spine and subsequent reevaluation does not arise.
Compared with contrast-enhanced CTA/MRA and previously described volumetric MR reports, 3D SPACE techniques have distinct advantages. Information is obtained without the administration of contrast and hence there is no risk of nephrotoxicity or nephrogenic systemic fibrosis. The study could be repeated if there were movement artifacts without additional risks, which may not be possible or may necessitate additional gadolinium administration in contrast-based MR techniques. 19 A second advantage is that the whole spine is covered and studied in 10 minutes. Hence, addition of this sequence to routine MR study results in only mild prolongation of MR examination time (approximately 8 minutes longer compared with contrast-based methods). In contrast-enhanced MR/time-resolved MR angiography, the coverage is limited (50 cm or less). Therefore, the fistulas located outside the FOV are missed, resulting in a false-negative conclusion. 20 In fact, most studies have included the midthoracic and lumbar regions in the routine evaluation, leaving out the cervical and lumbosacral areas.
Third, inherent T2-weighted contrast helps to identify signal changes of cord parenchyma; thus, the 2 specific MR findings of SDAVF can be appreciated in the same sequence itself. However, further study is required to validate this observation. Fourth, black-blood angiographic images can be obtained with thick MIPs, complementing noninvasive angiography and helping to focus the confirmatory spinal DSA.
Fifth, the sequence is routinely available from most MR vendors and does not require specific hardware or vendorspecific software. Hence, it can also be performed at most of the peripheral MR centers. Contrast-enhanced/timeresolved MR requires specific hardware and software that may not be widely available on all MR systems. Finally, in time-resolved MRA, spatial and temporal resolution and extent of coverage are interdependent; hence, improving one of the factors can inversely affect the other parameter. The spatial resolution of a high-resolution 3D volumetric T2-weighted MR sequence is comparable to that of timeresolved MR techniques.
Our results are comparable to those of contrast-enhanced MRA as well as time-resolved MRA techniques reported by other investigators. 1, 2, 19 We found good agreement between the 2 observers, achieving more than 80% accuracy in the correct identification of the fistulous site. Accuracy was improved to more than 90% when location within 1 vertebral level was considered. These findings are marginally superior to the observations made by other examiners. We believe this is due to superior spatial reso- lution of the MR sequence, isotropic volumetric acquisition allowing for multiplanar reconstructions, whole-spine coverage, and a diligent search for fistula.
There are a few disadvantages of this sequence pertaining to SDAVF evaluation. Although the arterial feeder and draining vein can be depicted, the actual fistula site is not demonstrable with this sequence. The superb delineation of vessels is due to superior CST-tissue contrast. Diminution of CSF space in spinal canal stenosis or other pathologies could hamper the localization of fistula. This sequence is not fast compared with contrast-enhanced MR techniques and cannot demonstrate hemodynamic alterations through different phases of circulation. 17 Additionally, the location of fistula at the site of fusion of 2 stages also could affect optimal visualization, which happened with one of our patients. Inability to detect normal spinal arteries that may impact therapeutic decision making also have to be kept in mind.
The present study has several strengths. It was conducted with readers who were blinded to the spinal angiographic findings, and the performance of the MR sequence was validated between the readers by measuring interobserver variability. Good interrater concordance suggests that the findings could be reproducible among other radiologists. Despite improved localizability, there are important limitations. The investigators were aware of the diagnosis but not the location. This may have biased the readers toward a diligent search for the location of fistula. How this could have negatively impacted the study remains unknown. The presence of flow voids is reported to be very specific for the diagnosis of SDAVF, which could be readily identified with this sequence. 5 The sensitivity and specificity of the SPACE sequence for SDAVF remain unknown and need to be investigated further in case-control studies. Future studies should focus on this issue, as well as its usefulness in metachronous SDAVF or MR-negative SDAVF.
conclusions
Our study demonstrated that volumetric noncontrast 3D SPACE MR sequence is valuable in the precise detection of the site of SDAVF. This sequence is available from most MR vendors and can be incorporated into the routine MR examination with little time delay. The information gathered could help the interventionist plan and perform a focused spinal DSA to confirm the diagnosis and expeditiously treat in the same sitting. 
